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Motivation 
Climate is changing and its variability is increasing (IPPC 
AR4, 2007) 
 
US agriculture produces 17.8% of world’s grains and 9% of 
its cattle. 
 
Numerous sectors rely on agriculture (I/O linkages) 
 
Consequences for farmers, ranchers, policy-makers and the 
general public 
 
 Impact of climate change on US agriculture is unclear 
(various climate zones) 
 
Ricardian 
approach - 
The core model 
   Ricardian approach (“Clairvoyant farmer”. Lower bound.) It accounts for 
adaptation and adjustment costs without modeling them explicitly 
   Different from the production function on one type of crop (McCarl et al., 
2008; Lobell et al., 2008; Schlenker and Roberts, 2009). (“Dumb farmer”. 
Upper bound.) 
 
  
where 𝑓 represents a normal or semilog functions; 𝜃𝜋 𝑖,𝑗,𝑘 represents the 
equilibrium price of farmland, i.e. the discounted sum of future profits (𝜃 
being the capitalization ratio and 𝜋 𝑖,𝑗,𝑘 the profit associated with the kth 
potential use of farmland i in county j); 𝑝𝑘 is the vector of output prices 
associated with the selected use of land; 𝜔𝑖,𝑗  is the vector of input prices; 
𝑧𝑖,𝑗 is the vector of fixed inputs; 𝐶𝑖,𝑗,𝑘 are the fixed costs and 𝜀𝑖,𝑗,𝑘 is the error 
term.   
Current state of the literature 
Results 
Profits / year Losses / year 
$1.3 billion  
(Deschene and Greenstone, 2007) – 2,268 
counties (irrig. vs non-irrig.) 
$3.1- $7.2 billion (Schlenker et al., 2006)  - 
2,398 non-irrigated counties 
$1 - $2 billion  (Mendelsohn et al., 1994) – 
2,941 counties 
$5 - $5.3 billion (Schlenker et al., 2005) – 
2,711 counties (dryland vs. irrig.) 
$ 0.7- 7 billion (Polsky, 2004) – 459 
counties in the Great Plains  
Why do we see differences between their results? 
Differences in the specification of temperature and precipitation data; Irrigated vs 
dryland counties; Definition of heterogeneity; Cross-section vs. panel data; Time 
period used; Discount rate used... 
Contributions 
 
1) Use dynamically downscaled data (data at the 35-50km vs. 
200-300km resolution) 
 
 
2) Appropriate treatment of spatial externalities 
 
 
3) Look at the role of farm subsidies and government funded 
research. Except for Polsky (2004), nobody has studied 
government funded programs. 
 
 
4) Include extreme events 
 
Contribution 1: Downscaled coarse 
global simulation to regional scales 
(top) coarse global climate model 
precipitation simulated over the US 
(bottom) dynamically downscaling global 
fields using a regional climate model 
produces a more realistic precipitation 
field (~ 6 times finer scale) 
 
An inverse distance weighting 
interpolation method is used to transform 
point climate values to continuous 
variation over a county’s area. 
 
Contribution 2: Spatial autocorrelation 
  
Spatial autocorrelation is due to:  
1) ecological fallacy (Anselin and Cho, 2000) 
2) substantive phenomena: 
- Trade between regions (Krugman, 1991) 
- R&D spillovers agriculture (McCunn and Huffman, 2000) 
- Communication between farmers (Polsky, 2004)  
- Physical processes (Dominguez et al., 2009) 
 
 
 
In the Ricardian literature, spatial  
autocorrelation is defined as follows: 
- Mendelsohn et al. (1994) ignore it. 
- Deschene and Greenstone: non-parametric  
approach : standard errors are corrected for  
spatial dependence à la Conley (1999) 
- Schlenker et al. (2005, 2006) : arbitrarily set spatial error model 
- Polsky (2004): spatial lag model 
 
 
Problem with previous 
definitions of space 
 Ignoring space, spatial error model or Conley’s approach lead to:  
𝜕𝑦𝑖/𝜕𝑥𝑖
𝑟 = 𝛽𝑟        
𝜕𝑦𝑗/𝜕𝑥𝑖
𝑟 = 0 
 
 We should be looking at least at the following model (spatial cross-regressive): 
𝑦 = 𝛼𝜄𝑛 + 𝑋𝛽 + 𝑊𝑋𝜃 + 𝑢   𝑤𝑖𝑡ℎ 𝑢 = 𝜆𝑊𝑢 + 𝜀  𝑎𝑛𝑑 𝜀~𝑁(0, 𝜎
2𝐼𝑛)                  (1)       
where 𝜕𝑦/𝜕𝑥𝑟 = (𝛽𝑟 + 𝑊𝜃𝑟) 
 
 Or at a model with higher-order effects (spatial lag model): 
𝑦 = 𝛼𝜄𝑛 + 𝑋𝛽 + 𝜌𝑊𝑦 + 𝑢   𝑤𝑖𝑡ℎ 𝑢 = 𝜆𝑊𝑢 + 𝜀  𝑎𝑛𝑑 𝜀~𝑁(0, 𝜎
2𝐼𝑛)                   (2) 
where  𝜕𝑦/𝜕𝑥𝑟 = 𝐼𝑛 − 𝜌𝑊
−1𝐼𝑛𝛽𝑟 = (𝐼𝑛 + 𝜌𝑊 + 𝜌
2𝑊2 + ⋯+ 𝜌𝑛𝑊𝑛)𝐼𝑛𝛽𝑟  
   
 
 
Contribution 3: The role of farm 
subsidies and government funded 
research 
- At a price tag of around $ 20 billion a year, farm subsidies should not be 
disregarded (Polsky, 2004). 
- Ample evidence that farm support affects US agriculture’s response to climate 
change (e.g. Lewandrowski and Brazee, 1993; Barnard et al., 1997) 
- Missing variable bias 
>> Is adaptation counterbalanced by economic disincentives (target prices, disaster 
payments and irrigation subsidies)? 
>> Does government-funded research in agriculture (extending temperature 
tolerances and/or reducing water requirements of crops) promote resiliency?  
 
 
 
-   
Data 
Data are obtained for the 3,076 counties of the conterminous USA. 283 counties 
are removed because: 
- no agricultural activity (19 counties) 
- so little of it that no employment in ag. is reported over 2001-2010 (15 counties) 
- urban counties (density > 400 inhabitants / square mile, i.e. 249 counties).  
 
 
The dependent variable is farmland value per acre in 2007 (from USDA). 
 
 
Human variables are from BEA or the US Census Bureau Consolidated 
Federal Fund Report (2007 data) 
Soil variables are from USDA’s General Soil Map. Elevation is from USGS. 
Climate variables are from the North American Regional Reanalysis (NARR). 
They are the average current conditions (2003-2007) and the percentage 
change between current and climatologic conditions (Jan.1979- Dec.2008).  
No growing season is defined.  
 
 
 
Data – Human variables 
1) population density (as a proxy for demand and for the potential effect of 
development upon farmland value) 
 
2) per capita income (in $)  
 
3) irrigation measured as the share of irrigated farmland  
 
4) fertilizer is measured as the dollar amount spent on fertilizer, lime, and soil 
conditioners per acre  
 
5) grants for agricultural research  
 
6) agricultural subsidies (federal programs such as government farm price, 
income support programs and disaster assistance programs that tend to 
discourage adaptation). The latter two are measured as the sum over 2003-
2007 per acre of farmland.  
 
 
Data – Soil variables 
1) fraction of the land prone to floods (%) 
2) soil erodibility factor (K-factor in the Universal Soil Loss Equation, in %) 
3) slope steepness (S factor, in %)  
4) fraction of the land occupied by wetlands (%) 
5) salinity (millimhos/centimeter)  
6) permeability (micrometers/second) 
7) moisture capacity (centimeter of water / centimeter of soil) 
8) clay content (%) 
9) sand content (%) 
10) elevation (in meters)  
 
 
Data – Climate variables 
(current and % change) 
1) temperature for each season (in Farenheit) 
 
2) precipitation for season (in millimeters) 
 
3) the maximum daily precipitation for each season (in number of days)  
 
4) frequency of extreme heat events, defined as three or more consecutive 
days with temperature above 32°C in the 5-year period (number of times) 
 
5) average length of extreme heat events (number of days) 
 
6) frequency of extreme cold events, defined as three or more consecutive 
days with temperature below 8°C in the 5-year period (number of times) 
 
7) average length of extreme cold events (number of days). The thresholds of 
8°C and 32°C are based on Ritchie and NeSmith (1991).  
 
 
Spatial weight matrix 
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Where 𝑤𝑖𝑗
∗  is an element of the unstandardized weights matrix; 𝑤𝑖𝑗  is an element of 
the standardized weights matrix W; 𝑑𝑖𝑗 is the great circle distance between 
centroids of county i and j; D(k)= 190 kms.  
Econometric issues 
1) No significant spatial error autocorrelation (p-value = 0.825). It is confirmed 
by a Wald test (p-value = 0.799).  
 
2) Significant presence of structural instability taking the form of a group of 
irrigated counties and of dryland counties (Chow-test p-value = 0.000).  
Irrigated counties if irrigated farmland > 10% (1223 counties vs. 1570 dryland 
counties).  
No sensitivity to other cut-offs (15% and 20%) 
 
3) Heteroskedastic error (BP test p-value =0.000).  
 
4) MWD test (McKinnon et al., 1983) shows that the log-lin form does not 
outperforms the linear form. 
 
>> linear spatial cross-regressive model with structural instability, 
heteroscedasticity-consistent standard errors (White’s procedure) and no 
spatial error dependence.  
 
http://webgis.arizona.edu/USAdapt/  
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ML estimation results.    Dependent variable: ln(farm value/acre) 
  Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Intercept 8094.152 
(0.507) 
 13416.78 
(0.073) 
Irrigation 3.507 
(0.123) 
0.321 
(0.967) 
36.894 
(0.000) 
14.733 
(0.025) 
Fertilizer 15.203 
(0.000) 
8.163 
(0.492) 
15.537 
(0.000) 
15.503 
(0.068) 
Per capita income 0.030 
(0.001) 
0.047 
(0.023) 
0.059 
(0.000) 
0.046 
(0.040) 
Population density 8.406 
(0.000) 
-3.253 
(0.167) 
4.653 
(0.000) 
-3.482 
(0.032) 
Farm subsidies 20.600 
(0.434) 
77.321 
(0.306) 
-18.322 
(0.029) 
16.799 
(0.796) 
Spending in ag. 
research 
2.043 
(0.003) 
-4.083 
(0.044) 
0.688 
(0.371) 
-2.147 
(0.155) 
Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Flood ratio -546.282 
(0.146) 
6078.801 
(0.000) 
-614.91 
(0.479) 
-943.278 
(0.468) 
Erodibility -1276.390 
(0.317) 
-886.577 
(0.805) 
-743.475 
(0.231) 
-824.825 
(0.700) 
Slope 27.472 
(0.009) 
32.336 
(0.176) 
11.484 
(0.030) 
5.423 
(0.665) 
Wetland -900.79 
(0.000) 
-503.639 
(0.484) 
3.234 
(0.974) 
155.346 
(0.722) 
Salinity -12.712 
(0.876) 
-807.832 
(0.013) 
-142.783 
(0.376) 
-238.764 
(0.430) 
Permeability -2.020 
(0.562) 
-10.581 
(0.481) 
9.236 
(0.001) 
3.560 
(0.768) 
Moisture capacity -1400.910 
(0.611) 
4516.829 
(0.532) 
1458.165 
(0.147) 
4412.687 
(0.260) 
Clay content -8.405 
(0.307) 
-28.318 
(0.392) 
14.469 
(0.000) 
19.955 
(0.303) 
Sand content 4.143 
(0.500) 
-4.234 
(0.805) 
7.110 
(0.035) 
2.648 
(0.806) 
Elevation -1.704 
(0.000) 
1.659 
(0.245) 
0.414 
(0.388) 
-0.326 
(0.637) 
Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Winter temperature -47.012 
(0.551) 
-420.059 
(0.134) 
-104.765 
(0.074) 
367.203 
(0.004) 
Spring temperature -124.626 
(0.132) 
256.927 
(0.286) 
45.578 
(0.399) 
-186.751 
(0.256) 
Summer temperature -147.555 
(0.087) 
-172.610 
(0.534) 
-181.841 
(0.001) 
202.851 
(0.260) 
Fall temperature 49.796 
(0.674) 
480.871 
(0.142) 
131.372 
(0.130) 
-454.255 
(0.007) 
Winter precipitation 530.575 
(0.077) 
1464.458 
(0.049) 
423.979 
(0.112) 
-216.505 
(0.722) 
Spring precipitation -1035.290 
(0.011) 
-506.86 
(0.582) 
-801.633 
(0.000) 
596.193 
(0.251) 
Summer precipitation 161.124 
(0.499) 
-555.256 
(0.513) 
-372.646 
(0.064) 
-158.633 
(0.705) 
Fall precipitation -12.132 
(0.970) 
-1683.11 
(0.095) 
-1119.34 
(0.000) 
-304.593 
(0.573) 
Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Maximum Winter 
temperature 
63.773 
(0.003) 
-30.587 
(0.672) 
69.862 
(0.000) 
-45.437 
(0.309) 
Maximum Spring 
temperature 
18.357 
(0.497) 
44.266 
(0.548) 
52.516 
(0.016) 
-37.131 
(0.592) 
Maximum Summer 
temperature 
20.902 
(0.239) 
154.547 
(0.028) 
29.118 
(0.232) 
62.108 
(0.161) 
Maximum Fall 
temperature 
-37.508 
(0.077) 
48.769 
(0.504) 
100.34 
(0.000) 
42.834 
(0.290) 
Frequency of extreme 
heat events 
8.403 
(0.892) 
-147.812 
(0.382) 
-45.284 
(0.319) 
-171.49 
(0.229) 
Intensity of extreme 
heat events 
92.774 
(0.006) 
91.546 
(0.342) 
-54.666 
(0.053) 
-51.927 
(0.589) 
Frequency of extreme 
cold events 
-126.974 
(0.079) 
-63.97 
(0.659) 
-48.784 
(0.562) 
-195.804 
(0.056) 
Intensity of extreme 
cold events 
-72.051 
(0.006) 
19.904 
(0.846) 
-81.645 
(0.072) 
-186.969 
(0.013) 
Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Winter temperature 
(% change from 
climatology) 
-8735.690 
(0.065) 
8967.85 
(0.526) 
2453.106 
(0.372) 
-39200.4 
(0.000) 
Spring temperature 
(% change from 
climatology) 
-18321.900 
(0.184) 
-7026.52 
(0.890) 
-6648.24 
(0.561) 
136275.8 
(0.000) 
Summer temperature 
(% change from 
climatology) 
5671.625 
(0.780) 
35779.25 
(0.436) 
59682.3 
(0.000) 
-20753.4 
(0.566) 
Fall temperature 
(% change from 
climatology) 
28380.730 
(0.000) 
-38741.90 
(0.182) 
-2226.29 
(0.759) 
11794.29 
(0.486) 
Winter precipitation 
(% change from 
climatology) 
362.083 
(0.325) 
-2964.05 
(0.058) 
448.359 
(0.416) 
-463.31 
(0.671) 
Spring precipitation 
(% change from 
climatology) 
704.239 
(0.597) 
114.859 
(0.967) 
2206.953 
(0.027) 
-2680.47 
(0.155) 
Summer precipitation 
(% change from 
climatology) 
-1036.250 
(0.368) 
3332.926 
(0.079) 
1592.707 
(0.009) 
-2429.66 
(0.120) 
Fall precipitation 
(% change from 
climatology) 
-71.755 
(0.906) 
4684.666 
(0.109) 
653.986 
(0.444) 
1305.963 
(0.491) 
Irrigated counties Dryland counties 
  Direct impact Spillover Direct impact Spillover 
Maximum Winter temperature 
(% change from climatology) 
-1055.300 
(0.055) 
2988.182 
(0.093) 
-2056.05 
(0.000) 
1673.783 
(0.159) 
Maximum Spring temperature 
(% change from climatology) 
-373.003 
(0.693) 
-493.249 
(0.819) 
-1110.16 
(0.150) 
595.376 
(0.703) 
Maximum Summer temperature 
(% change from climatology) 
-713.771 
(0.195) 
-6464.93 
(0.008) 
-1026.15 
(0.205) 
370.076 
(0.789) 
Maximum Fall temperature 
(% change from climatology) 
1128.164 
(0.027) 
-2207.71 
(0.324) 
-2275.85 
(0.000) 
-1386.38 
(0.282) 
Frequency of extreme heat events 
(% change from climatology) 
481.266 
(0.195) 
-3134.81 
(0.008) 
187.360 
(0.426) 
113.210 
(0.890) 
Intensity of extreme heat events 
(% change from climatology) 
51.056 
(0.441) 
79.429 
(0.731) 
290.885 
(0.000) 
-395.731 
(0.036) 
Frequency of extreme cold events 
(% change from climatology) 
816.963 
(0.460) 
2124.188 
(0.541) 
1016.569 
(0.500) 
-482.762 
(0.897) 
Intensity of extreme cold events 
(% change from climatology) 
1479.440 
(0.002) 
-1094.73 
(0.468) 
1267.151 
(0.413) 
-2573.58 
(0.117) 
Chow test 4.111 
(0.000) 
Adjusted R squared 0.887 
Log likelihood -23434.42 
AIC 47258.85 
BIC 48416.15 
Forecasting 
 Mendelsohn et al. (1994) use bulk numbers from the 1st Assessment 
report (1990) 
  Schlenker et al. (2006) rely on the HadCM3 GCM prepared for the 4th 
Assessment Report  
 Schlenker and Roberts (2009) use the B1 and A1FI scenarios of the same 
model.  
 
 We use two combinations of global climate model - dynamically 
downscaled regional climate model to analyze : 
- Weather Research and Forecasting (WRF) model driven by the Hadley 
Centre coupled model, version 3 (HadCM3).  
- The Canadian Regional Climate Model v 4 (CRCM) in conjunction with 
the third generation Coupled Global Climate Model (CGCM3). 
 
- Future climate conditions: past climatology + (simulated conditions Jan. 
2038-Dec. 2080  - simulated conditions Jan. 1968-Dec. 2000) 
Percentage change : % change between Jan. 2038-Dec. 2080  and Jan. 
1968-Dec. 2000 
 
- Human and soil variables are held constant. 
 
 
 
Forecasting (example for 15 counties) 
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Forecasting (CRCM-CGCM3) 
http://webgis.arizona.edu/USAdapt/  
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==F=in=d a Counw ~ Mapping the Data Impact Analysis [tl Future Farmland Value .. 
Future Farmland Value 
Future farmland value per acre according t o CRCM+CGCM3 
• -361724.826- -202546.313 
• -202546.312 - -100719.513 
D -100719.512--20674.023 
D -20674.022 - 1565.993 
D 1565.994 - 16108.601 
D 16108.602 _ 34316.409 
• 34316.41 0 -11 2516.801 
• 112516.802-343122.232 
Forecasting (WRF-HadCM3) 
http://webgis.arizona.edu/USAdapt/  
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Future Farmland Value 
Future f armland value per acre according to WRF+HadCM3 ($1 
• -92599.994 - -43904.390 
• -43904.389- -21613.800 
• -21613.799 - -7614.544 
D -7614.543 _ 7455.259 
D 7455.260 _ 48825.219 
D 48825.220 - 157157.586 
• 157157.587 - 416578.612 
• 416578.613- 1087547.670 
Conclusion 
 Ricardian model with several advantages compared to previous contributions: 
 
- better data (dynamically downscaled) 
- Include extreme events 
- Include the role of farm subsidies and ag. research 
- Appropriate treatment of spatial externalities 
 
 The results indicate:  
- All socio-economic variables display a significant direct impact or significant 
spillover. 
- Soil characteristics matter too (except for erodibility and moisture capcity) 
- Only Spring temperatures and extreme heat events do not have a significant 
direct or spillover effect 
- All percentage changes to climatological conditions have an impact, except 
Fall precipitation, maximum Spring temperatures and frequency of extreme 
cold events 
 
 
 Future work: other spatial models, additional future scenarios, spatial panel 
approach 
 
 
 
 
 
USAdapt: 
a WebGIS Tool for Climate Change Impact Analysis 
 
 
 
 http://webgis.arizona.edu/USAdapt/  
 
* Transparency 
* Public awareness 
* Accountability 
* Decision-support 
Public Outreach Tool 
http://webgis.arizona.edu/USAdapt/  
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Mapping the Data 
Climate 2003-2007 (% ch ange wrt pas1 
!Winter precipitation(% changei F 
climate _2003 _2007 
Winter precipitation (% change I 
D -42.620943 _ -16.988842 
• -16.988841 - -2.943466 
• -2.943465- 11.560751 
• 11.560752- 38.334281 
• 38.334282- 104.620356 
~--------------- ---- ------------------------
.: .start ~~ ~ USAdapt:AWebGIS.. ~ "; (( r;t: (.'.':;>l) ~. ·;~ ~ 'lo 2:28PI~ 
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USAdapt Model 
Select a 
County: [ Cliek and add a Point on the Map J 
Select 
the 
f actor : Summer Temperature (f ar enheit) • 
Enter the 
ehange 
am ount: 15 
[ SUBMIT ] 
"Farenheit 
~-----------------------------------------------------------------------------------------
•/ Start ~~ •;;J USAdapt:AWebGJS.. lij ': f< f,tG.r::>)l "f. ': ~. l;7 "+2:35PM 
http://webgis.arizona.edu/USAdapt/  
 
C Cl webgis.arizona.edu/USAdapt/ 
Find a County I Mapping the Data 
-435.119!1517 
Impact Analysis [i] Future Farmland Value ,.,_ ___ _ 
USAdapt Model 
Select a 
County. [ Click and add a Po int on the Map J 
Select 
the 
factor: Summer Temperature (farenheit) ... 
Enter th e 
change 
am ount: 15 
[ SUBMIT J 
"far enheit 
~-----------------------------------------------------------------------------------------
•/ Start ~~ •;;J USAdapt:AWebGIS.. lij ': f< f,tG.r::>)l "f. ': ~. l;7 "+2:32PM 
http://webgis.arizona.edu/USAdapt/  
 
C Cl webgis.arizona.edu/USAdapt/ 
__ F_i_nd a County b Map~ing the Data • Impact Analysis [i Future Farmland Value .. 
Future Farmland Value 
Future 
farmland 
value 
1>er acre 
according 
t o 
CRCM+CGCMJ 
e ($) 
Future 
farmland 
value 
per acre 
according 
t o 
WRf+HadCMJ 
($) 
future 
Future farmland value per acre according to CRCM+CGCMJ ($) 
~------------------------------------------------------------------------------------------
•/ Start ~ ''-' USAdapt: A WebGJS... lij ': f< f,tG.r::>)l "f. ': ~. l;7 "+2:36PM 
